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Abstract
A study of the 2H(γ,Λ)X reaction was performed using a tagged photon beam at the Research Center for
Electron Photon Science (ELPH), Tohoku University. The photoproduced Λ was measured in the ppi− decay
channel by the upgraded Neutral Kaon Spectrometer (NKS2+). The momentum integrated differential cross
section was determined as a function of the scatting angle of Λ in the laboratory frame for five energy bins.
Our results indicated a peak in the cross section at angles smaller than cosθLAB
Λ
= 0.96. The experimentally
obtained angular distributions were compared to isobar models, Kaon-Maid (KM) and Saclay-Lyon A (SLA),
in addition to the composite Regge-plus-resonance (RPR) model. Both SLA(rK1Kγ = −1.4) and RPR describe
the data quite well in contrast to the KM model, which substantially under predicted the cross section at
the most forward angles. With the anticipated finalized data on Λ integrated and momentum dependent
differential cross sections of 2H(γ,Λ)X [1], we present our findings on the angular distributions in this report.
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1. Introduction
Experimental and theoretical study of the photo-
nuclear production of strangeness has been per-
formed extensively on the proton but most recently
the focus has shifted to the neutron, in order to
fully idealize a universal description of the process
for all six isospin channels. A lone neutron tar-
get is unrealistic, thus the use of a deuteron as a
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quasi-free neutron target is the most practical op-
tion. At present, there has been experimental in-
vestigation of the elementary kaon photoproduction
process on a proton target via the p(γ,K+)Λ(Σ) re-
actions that have measured cross sections and some
polarization observables at JLab (CLAS) [10–13],
Spring-8 (LEPS) [16, 17], ELSA (SAPHIR) [8, 9],
GRAAL [20, 21] and MAMI [19]. More recently,
a few collaborations such as those at ELSA and
MAINZ [7, 18] have used liquid deuterium targets in
experiments and have measured neutral kaons in the
p(γ,K0)Λ(Σ) reactions. Prior to the decommission-
ing in 1999, the SAPHIR group reported on the total
and differential cross sections as well as hyperon po-
larizations in the aforementioned reactions. Their re-
sults confirmed that the cross section quickly climbs
at 1.1 GeV, plateaus and then declines at photon en-
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ergies close to 1.45 GeV. The published results in
2004 by SAPHIR [9] for p(γ,K+)Λ, were consistent
with the previous SAPHIR data [8]. They concluded
the presence of sizable resonance contributions to
the production of Λ at threshold energies and also
for (Λ,Σ) at approximately 1.45 GeV. Additionally,
they reported that hyperons, (Λ,Σ0), were intensively
polarized and produced with opposite signs [9]. At
the time of publication, the CLAS collaboration con-
tributed the largest data set for these reactions at pho-
ton energies of 1.6−2.53 GeV and angles of −0.85 ≤
cosθCMK+ ≤ 0.95. Despite the substantial experimental
data sets that have been measured for the p(γ,K+)Λ
reaction with CLAS and SAPHIR [8–10, 12, 13] they
are still not adequate to constrain theoretical models
and successfully predict the cross section of the un-
measured channels, further motivating this study.
The aim of this experiment was placed on neutral
particle (K0 and Λ) final states at threshold energies.
The production of Λ may occur through two chan-
nels, γd → K0Λ(p) and γd → K+Λ(n). Our exper-
iment was conducted near the production threshold
and therefore, it acknowledges that the reaction is
significantly less perturbed by higher nucleon reso-
nances, allowing for a simplification in the descrip-
tion of the process and permitting the investigation
with less uncertainty. The first preliminary results on
the energy dependence of the integrated cross section
for forward angles and the momentum dependent dif-
ferential cross sections was previously reported [5].
Our experimental and analysis method was centered
on the angular dependence of Λ photoproduction at
photon beam energies ranging from 0.90 − 1.1 GeV,
providing an original measurement and a means to
augment the current understanding of neutral kaon
production. Theoretically, descriptions of the reac-
tion have used different approaches that included the
use of various form-factors, as well as nucleon and
hyperon resonances. The data provided here seeks to
be used for constructing a credible model with a re-
duction in the number of uncertain free parameters,
while also being capable of extracting information
regarding the excitation spectrum.
2. The NKS2+ Experiment
Previous exploration of the 12C(γ,K+)Λ and
2H(γ,K0)Λp processes measured by the Neutral
Kaon Spectrometer (NKS) and NKS2 experimen-
tal collaborations yielded encouraging results [2–6].
The first measured the neutral channel and demon-
strated the importance of the n(γ,K0)Λ reaction [3].
The second reported the first measurement of neutral
kaon photo-production on a neutron [4].
As an outcome of the NKS experiments, the re-
envisioned Neutral Kaon Spectrometer (NKS2) was
newly designed and constructed at LNS in 2004, re-
placing the original version. Its main purpose was
to investigate the photoproduction process, particu-
larly the production of neutral strange particles via
single K0 and Λ observation with an acceptance less
biased in the forward region compared with the NKS
spectrometer. The results influenced an extension
of the proposed measurable physical observables,
which directly propelled advances in the spectrom-
eter design. The NKS2 has since then undergone an
additional upgrade in order to improve the spectrom-
eters acceptance, chiefly in the forward hemisphere.
The most recent has been the redesign of the inner
detector package, by installing an Inner Hodoscope
(IH) and a Vertex Drift Chamber (VDC) and being
renamed as the NKS2+.
2.1. Experimental Setup
A photon beam was generated from a carbon wire
radiator (φ11µm) and was guided through a collima-
tor in order to reduce the beam halo, a sweep magnet,
and into the NKS2+, where it was directed to the tar-
get located at the center. Moving from the inner most
position outwards, was the target, which was sur-
rounded by a Vertex Drift Chamber (VDC), and an
Inner Hodoscope, comprised of twenty plastic scin-
tillator segments (IH), which acted as the start sig-
nal for time of flight measurements. These detectors
were fully enclosed in a Cylindrical Drift Chamber
(CDC). All detectors were located between the poles
of a dipole magnet with a 680 mm aperture and a
80 cm diameter. The typical magnetic field was 0.42
Tesla at the center position. The target was inserted
from top side of the magnet yoke with the cryostat
also located on the top of the yoke. The target cell
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shape was cylindrical (30 mm length and 50 mm φ).
The cell window, 40 mm φ in thickness, was made
from a polymide film. The target system, adapted for
the NKS2+, was able to control the liquefaction of
deuterium and sustain it in a liquid phase. During the
experiment, the temperature and pressure of liquid
deuterium and the residual gas were monitored and
recorded to estimate the density. The average den-
sity of the deuterium target was estimated at 0.172
g/cm3 with minor ambiguities. This corresponded to
an approximated average number of deuteron targets
of 0.168 µb−1.
3. Data Analysis
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Figure 1: (Color online) Mass squared vs. rigidity (|~p|) multi-
plied by particle’s charge (a), and the projected mass squared
distributions (b), are given left to right, where pi± can be identi-
fied by the charge.
The detector commissioning was finished in late
2009 and the experiment discussed here was per-
formed in late 2010. There was additional ex-
perimental time scheduled, but that was unfortu-
nately postponed due to significant damage at ELPH
attributed the Tohoku-Pacific Ocean earthquake of
2011/March/11. The energy of the photon beam, cre-
ated via bremsstrahlung, was determined by measur-
ing the scattered electrons from a carbon wire, by
the photon tagging system. The accepted number of
events and photons were 0.64 × 109 and 0.89 ×1012,
respectively. The main trigger a required coincidence
signal between the photon tagging counter (Tagger),
a two-hit minimum requirement on the IH and OH,
along with an absence of a signal from the upstream
Electron Veto (EV). A triggered event ensured that
the event originated from a real photon and also that
the decay particles passed through the length of the
IH, drift chambers (VDC & CDC) and exited the
spectrometer via the OH. We employed only the up-
stream side of EV in the trigger; the downstream side
was not included in order to avoid the introduction of
a bias in the data set.
3.1. PID and Event Selection
The following section details the particle identifi-
cation and event selection used in the analysis. The
normal tagged photon beam rate was about 2 MHz
with a trigger rate of roughly 2 kHZ and a 65% DAQ
efficiency. The momenta of the detected particles
were determined by the CDC and the species was
identified by TOF measurements, with the IH and
OH providing the start and stop timing signals re-
spectively. The typical TOF resolution was about
400 ps, which was more than adequate to success-
fully separate pions and protons at momenta less than
800 MeV/c illustrated in Fig. 1. The direct approach
to measuring the photoproduction of strangeness is
by reconstructing the invariant mass of the produced
particles that contain a hyper charge. A two particle
track reconstruction strategy was used in the track
analysis of the CDC, which achieved a position reso-
lution between 300 - 400 µm over its ten layers. A se-
lection requirement was placed on the opening angle
between reconstructed particle tracks equivalent to
−0.9 ≤ cosθoa ≤ 0.9 in order to reduce the e+e− back-
ground in the data set. The produced Λ was detected
in the ppi− decay channel. The measured momen-
tum multiplied by the respective particle’s charge as
3
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Figure 2: (Color online) Reconstructed invariant mass, ppi−(a) and missing mass, γN →ppi−X (b), distributions are given in the
figure left to right respectively. The missing mass distribution from a neutron, assumed at rest within the deuteron nucleus was
obtained for events in which a selection was placed on the invariant mass distribution between 1.105 − 1.125 GeV/c2.
a function of squared mass and the projected squared
mass distributions are given in Fig. 1. The pi species
was identified by its charge and a clear separation be-
tween protons and pions is seen, demonstrating PID
capability of the NKS2+. The lifetime of Λ(cτ =7.89
cm) suggests that the decay take places away from
the primary interaction vertex inside the target. Con-
sequently, a selection outside the target was specified
to reject particles originating from the principal reac-
tion vertex.
3.2. Invariant Mass Spectra
Various cuts, but not limited to, timing, χ2 and
kinematical requirements were applied to the raw in-
variant mass to extract a clear Λ peak from the con-
tinuum, shown in Fig. 2. The observed Λ (roughly
400 events) was detected in the ppi− decay chan-
nel with a corresponding (Gaussian) width of 2.87
± 0.19 MeV/c (σ) and a signal to background (S/B)
of 2:1. By placing a tight event selection requirement
on the ppi−(Λ) invariant mass, between 1.105−1.125
GeV/c2, the missing kaon mass distribution, gated
for a neutron at rest within the deuteron nucleus
was obtained. The missing mass (Gaussian) width
was 31 ± 2.0 MeV/c2 σ) with a mean value of 504
± 2.0 MeV/c2 resulting from detector resolutions.
The spread in the missing mass spectrum distribu-
tion is associated with the Fermi motion within the
deuteron. The generated missing mass was derived
from an inclusive measurement of ppi−, therefore, the
distribution has contributions from the K+Λ and K0Λ
processes. The missing mass technique confirms that
the event of interest, 2H(γ,Λ)KN, was measured. A
small contribution to the yielded Λ events originates
from the Σ0 → Λγ channel, but was considered to
be minor and could not be separated as the NKS+
lacked a photon detector.
The acceptance was estimated by monte-carlo as
the ratio of the triggered or reconstructed Λ events,
including the efficiencies of various detector compo-
nents, to the simulated generated events in the same
kinematical bins. It was found by the following:
εΛaccept(p, cosθ) =
Ntrig
Ngen
, where Ntrig was the sum of the
Λ histogram events within the appropriate kinemat-
ical range and Ngen was the number of Λ histogram
events generated isotropically in the lab frame. In
Fig. 3, the acceptance map for Λ → ppi− decay
is given; the acceptance is estimated to be at most
0.025.
4. Results and Discussion
In this section, the differential cross sections of
Λ as a function of scattering angle after background
subtraction are presented for five incident photon en-
ergy bins and were compared to two isobar models
and the Regge-plus-resonace model calculations.
4.1. Results
The differential cross section for the inclusive
measurement of Λ can be calculated from experi-
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mentally measured variables as:
dσ
dpdΩ
=
NΛyield(p, cosθ)
NγNtargetεΛaccept(p, cosθ)ζΛε
Λ
GEε
Λ
specific2pid(cosθ)
(1)
where NΛyield was the yield of Λ events, Nγ was the
number of incident photons on the target, and Ntarget
was the number of target neutrons. The branching ra-
tio for the decay mode, Λ→ ppi− (63.9%), was repre-
sented by ζΛ and the acceptance was εΛaccept(p, cosθ).
The term εΛGE referred to the efficiencies that are uni-
versal to the spectrometer, and εΛspecific denoted the ef-
ficiencies that were intrinsic to the inclusive Λ mea-
surement. The efficiency of the accepted ppi− invari-
ant mass(εIM) was estimated to be 98.9% ± 2%. The
efficiency of the number of hits required to recon-
struct a track(εhits), was calculated as 98.3% ± 2%.
The uncertainty of the number of photons irradiated
on the target which was proportional to the number
of recorded scalar hits in TagF (Nγ) was straightfor-
wardly found as the square root of the counts
√
Nγ.
The dominance of the 2H(γ,Λ)K0 reaction, for the
SLA calculation increases to more than twice that of
2H(γ,Λ)K+ with extending photon beam energies at
angles of cosθLAB
Λ
≥0.95 in comparison to KM. The
disparity in the contribution of each process arises
from the resonance content of each model’s approach
to Born term suppression. SLA incorporates hyperon
resonances to assist in curbing of large non-physical
Born term contributions, while the KM model only
relies on nucleon resonances. In the K0Λ channel,
the importance of the rK1Kγ parameter is remark-
ably dissimilar for both models. Previous calcula-
tions of the momentum integrated angular cross sec-
tions for the SLA(rK1Kγ = −2 ) were reported but
were based on fits to published NKS2 data that was
later amended [4, 15], resulting in a newly acquired
parameter of SLA(rK1Kγ = −1.4). The ratio of the
photo coupling constants in the t-channel for the neu-
tral and charged channels are related to the helicity
amplitudes, such that
rK1Kγ =
gK01K
0
γ
gK+1 K
+
γ
= −
√
(ΓK01→K0γ )
ΓK+1→K+γ
(2)
Transition moments correspond to decay widths of
the meson, where quark model calculations assist in
restricting the values of the K∗(829) meson. The de-
cay widths for the K1 meson are undetermined and
are fixed from global fits to the data for KM, but left
as a free fitting parameter in SLA. More recent SLA
calculations with the parameter (rK1Kγ = −1.4) were
used in our comparisons [22]. The rK1Kγ parame-
ter in the KM framework was determined by fitting
K0Σ data. Therefore, the conclusion can be drawn
that the higher sensitivity of the K1 meson was af-
forded to SLA but seems to modestly affect the KM
predictions [22]
The background subtracted differential cross sec-
tions after acceptance corrections are given in Fig. 4
for the 2H(γ,Λ)X reaction in the energy regions of
0.95−1.00, 1.02−1.04, 1.04−1.06, 1.06−1.08 GeV,
presented in figures (a)-(e) respectively. The hori-
zontal and vertical errors bars correspond to the bin
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width and statistical errors. The data revealed that the
cross sections were concentrated at laboratory angles
of cosθLAB
Λ
≥ 0.85, therefore, the ability to measure
the total cross of 2H(γ,Λ)X is feasible with a spec-
trometer capable of measuring these small angles as
predicted [15].
4.2. Errors
One of the main contributions to the systematic er-
rors was the estimated background under the recon-
structed invariant mass given in Fig. 2. We approx-
imated the background by a variety of methods in-
cluding fitting the distribution with combinations of
gaussian and polynomial functions of increasing de-
grees. The side-band method was also evaluated as
a possible best description of the background. The
spread in the obtained background values for the all
approximated approaches was used a good measure
of the uncertainty and was considered to contribute
to the lion’s share of systematic error in the calcu-
lated cross section. Additional systematic uncertain-
ties were introduced by the kinematical cuts, in the
determination of the number of target deuterons, and
incident photons. We estimated a 3% systematic er-
ror from the opening angle cut and less than 2% for
all the additional stipulations. by monte-carlo. The
total systematic error was estimated to be roughly
15%. The systematic error is shown in Fig. 4 as the
shaded regions on the data points.
4.3. Discussion
The angle dependent distributions were compared
to the calculated predictions of effective Lagrangian
(isobar) models, Kaon-Maid (KM) [23] and Saclay-
Lyon A (SLA) [24, 25], as well as the hybrid Regge-
plus-resonance (RPR) model [26–28]. The mea-
sured cross sections are plotted alongside the theoret-
ical predictions of the summation of the contributing
cross sections of the 2H(γ,K+)Λn and 2H(γ,K0)Λp
reactions in the laboratory frame as a function of
cosθLAB
Λ
for KM, SLA, and RPR in Fig. 4, where
the curves for KM, SLA, and RPR are drawn as the
dotted, dashed, and solid curves respectively. In the
reported integrated energy bins, RPR accomplished
a good description of the experimental results with
agreements within the statistical error. In the lower
energy bins, 0.95 − 1.00 GeV (a), 1.00 − 1.02 GeV
(b), the model over predicted the angular cross sec-
tion by approximately 20−30%. In the higher energy
bins, it is evident that the model over estimated the
cross sections by around 10 − 15% for cosθLAB
Λ
≥
0.95. The strongest accord between the data and
the RPR calculations existed in the 1.02 − 1.04 GeV
(c) energy bin. The RPR and SLA(rK1Kγ = −1.4)
models did a reasonable job of describing the gen-
eral trend of the data. SLA however to described the
apparent peak at cosθLAB
Λ
= 0.96, and demonstrated
better reproduction of the data than RPR at higher
energies and smaller angles. KM did not describe
the data well, most significantly in the extreme for-
ward region at angles smaller than cosθLAB
Λ
≥ 0.96.
The amplitudes for the SLA predictions were signif-
icantly larger than those of KM for laboratory angles
of cosθLAB
Λ
≥0.95. Unlike the results of the KM and
RPR, the 2H(γ,Λ)K0p process is the primary con-
tributor in the SLA framework.
4.4. Conclusion
We have measured the angular dependence of Λ
photoproduction in the threshold region with the
upgraded Neutral Kaon Spectrometer 2 (NKS2+)
utilizing tagged photons on a liquid deuterium target.
Cross sections were dominant at small scattering
angles roughly equal to cosθLAB
Λ
= 0.96, and were
reduced at most forward angles at higher energies.
Our findings were supported by calculations of SLA
with rK1Kγ=−1.4 providing a decisive means to
further contain model parameters. RPR predictions
were within the given statistical errors, however
their calculations exhibited an over estimation of the
K+Λ contribution to the cross sections. The most
significant conclusion was the demonstrated ability
of the NKS2+ to roughly measure the total cross
section of Λ in the reaction.
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Figure 4: (Color online) Background subtracted differential cross section as a function of the scattering angle (cosθLAB
Λ
), compared
with theoretical predictions of the 2H(γ,Λ)KN reaction, calculated by the KM, SLA, and RPR models. Photon energy bins are
indicated in the figures where the bin width and statistical errors are given as the horizontal and vertical errors respectively. The
systematic error was estimated to be roughly 15% given as the shaded regions on the data points.
ELPH, Tohoku University. The theoretical calcula-
tions for the RPR-2007 model were performed by P.
Vancraeyvald [14].
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